Bronchomalacia and bronchial collapse are important causes of chronic coughing in dogs. The current reference standard diagnostic tests for these problems are flexible bronchoscopy and biopsy.
INTRODUCTION
Bronchial collapse is a common cause of chronic coughing in dogs (especially small or toy breed dogs) and is related to malacic change characterized by weakness of the cartilage supporting the bronchial wall. [1] [2] [3] [4] [5] In veterinary medicine, for diagnosis of bronchial collapse and airway malacic disease, radiography, fluoroscopy, and bronchoscopy are routinely employed. [1] [2] [3] [4] 6 However, radiography has low sensitivity to bronchial collapse. [1] [2] [3] Evaluation using fluoroscopy is subjective, patient motion can interrupt the interpretation of images, and circumferential airway narrowing can be underestimated. 7, 8 As a three-dimensional assessment of the bronchi appears to be the most accurate way to identify bronchial collapse, the most reliable examination seems to be flexible bronchoscopy. 1, 3, 4 However, it can cause complications related to invasive procedure so be hard to apply in patients who have severe respiratory disease. 9 The evaluation of bronchial collapse with bronchoscopy is subjective, so the proficiency of the operator handling the endoscope can affect the diagnosis. With computed tomography (CT) during respiration, the risk of complications occurred with bronchoscopy is greatly reduced assuming general anesthesia is accomplished safely, and objective evaluation is possible.
Besides, a three-dimensional assessment of the bronchi is available like in bronchoscopy, and bronchi in all locations as well with their anatomic details can be displayed. The results of CT examination are reported to correlate well with those from tracheobronchoscopy, and CT scans have shown a high sensitivity for detecting airway collapse in dogs with respiratory disease. 10 Therefore, CT during end inspiration and expiration can be another useful modality to evaluate bronchial collapse in dogs. In humans, CT has been used to noninvasively evaluate bronchial collapse during forced inspiration and expiration or during a dynamic expiratory phase, with bronchomalacia being diagnosed as a luminal reduction of more than 50%. 7, 11, 12 However, a recent study has reported an expiratory reduction of more than 50% in healthy human volunteers, so it was suggested that the criteria for diagnosing bronchomalacia may need to be revised. 13 Moreover, the bronchial collapsibility of the left and right mainstem bronchi and the bronchus intermedius differed from each other. In dogs, an evaluation of collapsibility in the trachea with CT during end inspiration and expiration has been reported and a maximum level of normal tracheal lumen narrowing was suggested as a diagnostic criterion. 14 In recent study in dogs comparing bronchial narrowing with CT and radiography at forced and end expiration, the diameter was used to calculate bronchial collapsibility. The study suggested that the radiography during forced expiration may show more than 50% in healthy dogs. 15 The purpose of the current study was to evaluate CT images acquired during end inspiration and expiration as a diagnostic method for quantifying bronchial collapsibility in dogs. We hypothesized that bronchial collapsibility would differ depending on the location of the bronchus in healthy dogs, as it does in healthy humans.
MATERIALS AND METHODS

Dogs
This study was a prospective and pilot study design. All experimental procedures and standards of animal care were approved by the Seoul National University Institutional Animal Care and Use Committees 
Radiography and fluoroscopy techniques
Radiography and fluoroscopy were performed in ten dogs to rule out any related abnormalities. Right lateral and ventrodorsal thoracic radiographs (EVA-HF525, GEMSS, Gyeonggi-do, Korea) were obtained during inspiratory and expiratory phase with following exposure conditions: 56 kVp, 300 mA, 15 ms, and a focal distance of 100 cm. Fluoroscopy (SPINEL 3G, GEMSS, Gyeonggi-do, Korea) was performed on the same day with all dogs positioned right lateral recumbency during inspiratory and expiratory phase. The evaluation of images was performed in by three veterinarians (D.Y.O., S.H.L., S.J.K.) whether more than 50% of bronchial collapse was found. The percentage of bronchial collapsibility between inspiration and expiration was calculated using the following formula previously published for use in humans:
Computed tomography technique
Quantitative assessment of bronchial collapsibility
where C lu is bronchial collapsibility, A lue is luminal area at end expiration, and A lui is luminal area at forced inspiration 13 F I G U R E 1 Dorsal (A) and transverse sectional images (B) perpendicular to the long axis of LPB. Image was reconstructed at the nearest location after bronchial bifurcation as long as the bronchial wall was imaged entirely at the transverse sectional area. LPB, left mainstem bronchus 
Qualitative assessment of bronchial collapsibility
The shape of the bronchi during expiration was subjectively evaluated by an author (S.J.K.) with diagnostic imaging expertise when the lumen was clearly seen and was defined as an irregular shape if the bronchial lumen was not round to oval because of flattening of bronchial wall. 
Statistical analyses
RESULTS
Healthy dogs
Ten clinically healthy Beagle dogs were included in this study: seven male (five intact) and three female (two spayed) dogs with a mean age of 4.9 years (range: 4-6 years). Inspiratory and expiratory radiographs and fluoroscopy revealed unremarkable findings, and lung and heart sounds were normal. The mean body weight was 13.7 kg (range: All values of bronchial collapsibility calculated using reconstructed images in transverse, sagittal, and dorsal planes to long axis of dog were smaller than those calculated using transverse sectional area (Table 2) . Figure 6 ). No correlation between collapsibility and bronchial size was found (P > 0.05; Figure 6D ).
Clinically affected dog
The clinically affected dog was a 7-year-old Beagle, castrated male, and weighing 18.3 kg. The dog had suffered from aspiration pneumonia 1 year before the study and had a constant chronic cough. Upon physical examination, no heart murmur was detected; the body condition score was 8/9, so the dog was considered obese. On the thoracic radiographs, a bronchointerstitial pattern was markedly visible in the overall lung field and bronchial collapse was found in the expiratory phase. By using CT, bronchial collapse was clearly visible and the collapsibility of the various bronchi was as follows: 50.15% in left mainstem bronchus, 33.25% in right mainstem bronchus, 100% in dorsal segmental bronchus, ventral segmental bronchus, and left caudal lobar bronchus, 82.56% in right cranial lobar bronchus, 96% in right middle lobar bronchus, 98.42% in right accessory lobar bronchus, and 91.66%
in right caudal lobar bronchus. In left and right mainstem bronchus, the shape of the bronchial lumen was irregular rather than round or oval ( Figure 7A and B). In right cranial lobar bronchus, right middle lobar bronchus, right accessory lobar bronchus, and right caudal lobar bronchus, the shape of the bronchial transverse sectional areas was round or oval; shape evaluation was not possible in dorsal segmental bronchus, ventral segmental bronchus, and left caudal lobar bronchus due to 100% collapsibility ( Figure 7C-E) .
F I G U R E 5 Transverse sectional areas of LB1D1 during forced inspiration (A) and expiration (B)
. Bronchial narrowing was clearly found and bronchus was round shape in end expiration. The bronchial collapsibility was calculated as 58.01%. LB1D1, the dorsal segmental bronchus branching out from the left cranial lobar bronchus
DISCUSSION
The results of this preliminary study indicated that inspiratory and expiratory CT is a feasible method for calculating the bronchial collapsibility in dogs and supported our hypothesis that bronchial collapsibility would differ depending on the anatomic location of bronchus, as it does in humans.
In the present study, evaluation of bronchial narrowing with CT was performed by inducing end inspiration and expiration. In general, Note. SD, standard deviation; LPB, left mainstem bronchus; RPB, right mainstem bronchus; LB1D1, the dorsal segmental bronchus branching out from the left cranial lobar bronchus; LB1V1, the ventral segmental bronchus branching out from the left cranial lobar bronchus; LB2, left caudal lobar bronchus; RB1, right cranial lobar bronchus; RB2, right middle lobar bronchus; RB3, right accessory lobar bronchus; RB4, right caudal lobar bronchus.
F I G U R E 6
Scatter plots of Spearman's correlation of bronchial collapsibility between using diameters at transverse (A), dorsal (B), and sagittal planes (C) and transverse sectional areas. Image (D) shows Spearman's correlation between bronchial size at forced inspiration and bronchial collapsibility using transverse sectional areas. Positive correlation was found in bronchial collapsibility between using transverse sectional area and diameters in transverse (A) and dorsal (B) plane, respectively (A and B, rho = 0.850, P = 0.004 and rho = 0.800, P = 0.010, respectively) could under-distend the airway in large breeds. 14, 17 Considering that medium sized dogs were included in this study, a pressure 20 cm H 2 O was thought to be acceptable to achieve peak inspiration in Beagle dogs, and no pressure-related complications were found during CT scans. Forced expiration is the expiration of expiratory reserve volume in addition to tidal volume, and can be induced using conscious breathing technique or cough by contraction of expiratory muscles in humans 18 ; however, these methods could not be applied to the dogs because of their anesthetized state during the CT examination. In the present study, short-term apnea caused by low end-tidal CO 2 pressure after hyperventilation was induced to trigger end expiration. 14, 17 In dogs, tracheobronchial disease or brachycephalic syndrome is commonly accompanied by bronchial collapse, the most strongly affected bronchi being dorsal segmental bronchus, left caudal lobar bronchus, and right middle lobar bronchus. [1] [2] [3] 6, 19, 20 The results of this study are consistent with these findings in that dorsal segmental bronchus, left caudal lobar bronchus, and right middle lobar bronchus collapsed the most in healthy dogs, as well as in the dogs with bronchial abnormalities; thus it seems likely that the bronchi collapse especially easily in these three locations. One study found that the luminal change of the smaller bronchi is greater because they are more distensible than the larger ones. 21 In contrast, another study has shown that the smaller intrathoracic airways widen and narrow less markedly during respiration with bronchoscopy. 22 One report has demonstrated that one of the factors affecting bronchial collapse during forced expiration is location, because bronchial collapsibility relies not only on the rigidity of the bronchial wall, but also on the surrounding lung parenchyma of each bronchus. 23 The results of the present study suggest that the luminal change of bronchi during respiration depends on the location.
Therefore, different criteria should be established depending on the bronchial location when evaluating bronchial collapse using CT. Especially in the evaluation of dorsal segmental bronchus and left caudal lobar bronchus, diagnostic criteria for bronchial collapse should be narrowed. For the correlation between bronchial collapsibility and luminal
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F I G U R E 7 Transverse sectional areas of LPB, RPB, LB1D1, LB1V1, and LB2 in the clinical patient during expiratory phase. Luminal shape was irregular in LPB and RPB (A and B) and bronchial lumen was not visible in LB1D1, LB1V1, and LB2 due to 100 % collapsibility (C-E). LPB, left mainstem bronchus; RPB, right mainstem bronchus; LB1D1, the dorsal segmental bronchus branching out from the left cranial lobar bronchus; LB1V1, the ventral segmental bronchus branching out from the left cranial lobar bronchus; LB2, left caudal lobar bronchus size ( Figure 6D ), the slope was a negative value, -0.583, but no significant correlation was determined in the statistical tests. One possible reason for the lack of significant correlation could have been the small number of dogs included in this study.
In one dog, bronchial area was larger during expiration than inspiration at left mainstem bronchus and right mainstem bronchus.
In one report that studied tracheal collapsibility by CT in dogs, a negative value was found and this was thought to be due to error to measurement of small changes in dimensions. 14 Principal bronchi are branched directly from trachea and the collapsibility was found to be smaller than other locations. The reasons for the negative value in bronchial collapsibility for this dog may have been the same as that previously described for tracheal collapsibility. To clarify the cause of this result, further studies with the same results will be required.
In this study, some bronchi narrowed more than 50%, and a maximal 61.39% bronchial lumen change was detected at dorsal segmental bronchus in one healthy dog. Meanwhile, bronchial shape during expiration remained round or oval, unlike the shape of the trachea, in which the dorsal membrane develops an invagination ( Figures 2B and 5B ).
Studies on tracheal collapsibility have reported that the percentage of expiratory reduction in tracheal transverse-sectional area is as great as 24% in normal dogs, and the tracheal lumen may narrow transiently by up to 75% during forced expiration. 14, 23 By bronchoscopy, pathologic bronchial collapse is graded as I, II, and III when less than 50%, greater than 50% and less than 75%, and more than 75% of lumen is reduced in each. 4 In this study, with CT, more than 50% bronchial collapsibility was found in healthy dogs by inducing end inspiration and expiration. This may be due to the difference of evaluation of bronchial lumen between CT and bronchoscopy. The quantitative evaluation of bronchial collapsibility can be possible in CT by measuring luminal area with electric caliper so general luminal reduction of bronchus can be identified. In bronchoscopy, the value of collapsibility is not quantified, but is based on subjective detection of a morphological change (ie, how much the dorsal and ventral mucosa comes into contact). 4 Therefore, the degree of the luminal reduction with in a bronchus with a constant round to oval shape during respiration could possibly be underestimated by bronchoscopy.
In the clinical patient studied here, a bronchial collapsibility in all locations was above the maximum threshold of values measured in healthy dogs. Because only one patient was included in this study, neither a statistical difference between healthy dogs and dogs with respiratory disease nor diagnostic criteria for pathological bronchial collapse can be suggested here. In one study, bronchial collapsibility of 93% was found in dogs with airway disease using breath-hold inspiratory and expiratory CT scans; thus the applicability and usefulness of CT for diagnosing bronchial collapse were proposed. 10 The shape of bronchial lumen in the patient was either irregular or not found due to 100% collapsibility. This irregularity may be caused by malacic change of bronchial cartilage as well as peribronchial smoot muscle.
The bronchial collapsibility calculated using area was correlated with that calculated using diameter at transverse and dorsal planes. In other words, if the diameter-based collapsibility in the transverse or dorsal plane is high, it can be inferred that the area-based collapsibility would be high as well. Since positive correlations were found, measurements of diameters in the transverse and dorsal planes can indirectly predict by how much the bronchial lumen narrows. However, the correlations do not mean that the collapsibility value calculated from the diameters in the two planes can replace the area-derived value. To measure bronchial collapsibility accurately, an area-based evaluation needs to be performed.
One of the limitations of this study was that dogs were defined as healthy on the basis of no having abnormal clinical signs. Whether some of these dogs had subclinical disease remains unknown. Because the age and body condition scores of the dogs included in this study were similar, the relationship between these outside factors and bronchial collapsibility could not be investigated. Previous studies have shown that older and more obese dogs are predisposed to bronchomalacia, so further studies on the correlation between the severity of bronchial collapse as assessed by CT and age and weight are needed. 2, 14 In this study, only Beagle dogs, chondrodystrophic breed, were included so it cannot be assured that the same conclusion will be found in all other breed. Chondrodystrophic dogs are not clinically affected by airway collapse and brachycephalic dogs tend to exhibit bronchial collapse more commonly. 18 In conclusion, bronchial collapsibility can be evaluated with CT during end inspiration and expiration and can be measured in the transverse sectional area in the direction perpendicular to the bronchial long axis. Collapsibility values differed depending on the location of the bronchus. Values over 50% could be found even in healthy dogs.
These results suggest that higher collapsibility level should be applied with a diagnostic threshold dependent on the location of the relevant bronchus when evaluating the bronchial collapse using CT. In future studies, by comparing bronchial collapsibility as found by CT with bronchoscopic and histopathologic findings, the relationship between changes of bronchial structure and CT imaging will be clearly identified. The studies including different breed dogs will be required to clarify the normal range of bronchial collapsibility. Furthermore, if a large number of healthy dogs and dogs with bronchomalacia could be included, diagnostic criteria using CT could be established more conclusively. 
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